We note that off the quark mass shell the operators (p i +p f ) µ γ 5 and iσ µν (p i − p f ) ν γ 5 , both of which reduce to − σ · E in the non-relativistic limit, are no longer identical. In this paper we explore the effects of this difference in the contribution of these quark electric moments to hadronic electric moments.
I. INTRODUCTION
When the loop diagrams which contribute to the electric dipole moments of quarks are evaluated in theories with P and T violating interactions, in general one finds a P and T violating quark-photon vertex functionΓ µq of the form
For convenience, we have extracted a factor Q q , the charge of the quark, in units of the positron charge. Heretofore it has been the standard practice to use the γ 5 form of the Gordon identity, valid on mass shell,
with
to write the quark electric dipole moment interaction in its on mass shell form
and to identify d q = D q Q q = [D 1,q + D 2,q ] Q q as the electric dipole moment of the quark.
Note that the dimension of d q is M −1 , and instead of introducing d q one could have made the natural units explicit and introduced a gyroelectric ratio h q , related to d q by d q = h q Q q e/(2m q ). However, unlike the practice in dealing with magnetic moments, it is standard practice to use d q rather than h q . For further convenience we also write d i,q = D i,q Q q .
In a previous paper [1] , the quark contribution to the electric and magnetic dipole moments of the rho meson were calculated using vertices and propagators obtained from studies of the Dyson-Schwinger and Bethe-Salpeter equations. This provided some insight into the effect that QCD and confinement had on the electromagnetic properties of hadrons. The electric dipole moment of the quark used in that calculation was the on mass shell form of
Eq. (4).
It should be noted that that the T-violating NNγ vertex of equation (1) is gauge invariant only when p 2 i = p 2 f . However, this is enough for us to obtain a gauge invariant result for the P and T violating ρ − γ coupling. As an off shell amplitude, it need not be gauge invariant -but it must satisfy the Ward Takahashi identities. We will examine the consequences of this requirement below.
In this paper we extend that study to examine the effects of the vertex function ambiguity off shell, and calculate the electric dipole moment of the rho meson which is generated by the P and T odd vertex functionΓ We emphasize that the rho electric dipole moment is studied as a model problem. The hadron electric dipole moment which has been extensively studied experimentally and theoretically is the neutron electric dipole moment. The relevant calculations are reviewed in [2] .
We suggest that our results for the rho meson give an indication of the effects that one may expect for other hadron systems, including the neutron, when one has available techniques for exploring the off mass shell behaviour of the wavefunctions 1 .
For a review of the topic of Dyson-Schwinger equations and their application to hadron phenomenology see [3] . For examples of the use of the Dyson-Schwinger and Bethe-Salpeter equations in the calculation of hadronic properties see references within [1, 3] .
As in our previous paper, use will be made of forms for the quark propagator which ensure confinement by having no Lehmann representation, i.e. the quarks cannot go on mass-shell. Three different phenomenological forms for the rho amplitude will again be used. In that paper we used a dressed quark-photon vertex to ensure that both the WardTakahashi Identity and multiplicative renormalizability are preserved. In our present work we concentrate on the contribution of the P and T violating vertex function of Eq. (1), which we do not dress.
II. THE INGREDIENTS OF THE CALCULATION y
A. The ρργ Vertex
The form for the ρργ vertex is given by [1, 5] 
with p the initial momentum of the rho, p ′ the final momentum and q the momentum of the photon. The d αβ are the rho spin projection operators
The form factors E, Q, M and D are interpreted in the limit as q 2 → 0 through eE(0) = e, the charge of the rho, eM(0)/(2m) = µ, the magnetic moment, Q(0) is related linearly to Q, the quadrupole moment, and eD(0)/(2m) = d, the electric dipole moment of the rho.
2
The integral for the rho EDM is too difficult to perform analytically. This means that to isolate the relevant terms they will be projected out of the integral before it is integrated numerically. Using a projection operator given by 2 We use m without subscripts for the mass of the ρ + . All other masses in this paper are identified with the appropriate particle by subscripts.
the following result holds
B. Quark Contribution to the Electric Dipole Moment
All calculations below are carried out in Euclidean space with co-ordinates x 1 , x 2 , x 3 , x 4 , and metric and gamma matrices given by g µν = δ µν , γ µ = γ † µ and {γ µ , γ ν } = 2δ µν . Treating the u and d-quarks as identical except for their charge, the impulse approximation to the quark contribution to the electric moment is given bỹ
where
, Γ ρ α refers to the rho meson amplitude andΓ
with C the charge conjugation operator, γ 2 γ 4 .Γ µ,q is the P and T violating quark-photon vertex and S(p) is the dressed quark propagator for a quark of momentum p, all of which will be discussed below. The tr CF D operation is a trace over colour, flavour and Dirac indices.
A tilde has been placed on I αµβ to emphasize that this integral gives only the P and T violating rho-photon vertex.
C. Quark Propagators
The general form for the solution to the quark propagator Dyson-Schwinger equation [3] is
A model form for the propagator is given by [6, 7] 
where 
and a dressed quark-gluon vertex [7, 8] . A sufficient condition for the lack of free quark production thresholds is the absence of timelike poles in the propagator. The model quark propagator given above is an entire function (except at timelike p 2 = −∞) and so does not have a Lehmann representation. This means it can be interpreted as describing a confined particle and it ensures the lack of the unphysical singularities corresponding to free quarks inĨ αµβ .
The electric dipole moment is also calculated using a form for the quark propagator developed by Mitchell and Tandy [9] , to investigate ρ-ω mixing. This propagator is given byσ
To fix the parameters λ = √ 2D and Cm, a fit to, f π , r π and the π-π scattering lengths was done. With
MeV a best fit was obtained for λ = 0.889 GeV and Cm = 0.581 [9] . This form has a deficiency which can be seen in its failure to correctly model the behaviour of σ S away from x = 0, in the massless limit with dynamically broken chiral symmetry [7] . The large value for the mass of the quark used is related to this deficiency of the propagator [10] .
D. Rho Meson Amplitude
The dominant Bethe-Salpeter amplitude for the rho meson is given by [11, 12] ,
where k is the relative momentum of the quark and anti-quark, p is the momentum of the rho meson and l and µ are flavour and Dirac indices respectively. This form ignores other allowable Dirac structure in the vector meson Bethe-Salpeter amplitude and so introduces errors of the order of 10% [13] . Using the quark propagator defined in Eq. (11) and a
Ball-Chiu quark-photon vertex (see later), Chappell uses the following approximate form
with a 1 = 0.38845GeV, a 2 = 0.01478, α = 2GeV. The values for the parameters were found by fitting to the experimental values of f ρ and g ρππ [14] .
Pichowsky and Lee, also using the quark propagator defined in Eq. (11) and a quarkphoton vertex of the Ball-Chiu type, use an identical form for Γ ρ , given by [15] 
where a V = 0.400GeV, b V = 0.008GeV and c V = 125.0. Note that the coefficient of the rational term in the vertex function, and the scale factor, differ dramatically in the two attempts to fit this form of vertex function, Mitchell and Tandy, with S(p) defined by Eqs. (13 and 14) , use a form for the amplitude Γ ρ given by
with a = 0.194 GeV. The momentum scale in the exponential has been reduced by a factor of 2 and the rational term in the vertex function has been omitted.
The normalisation for the rho amplitude is fixed by [15] 
,
. This condition, with the fact that the quark-photon vertex obeys the Ward Identity, ensures that E(q 2 = 0) = 1, i.e. that the rho has unit charge [7] .
E. The Quark-Photon Vertex
The quark-photon vertex also satisfies its own Dyson-Schwinger equation, but solving this integral equation is difficult. Despite this, a realistic ansatz for the vertex function has been developed [16] [17] [18] [19] .
The quark-photon vertex ansatz thus obtained is given by
The Ball-Chiu vertex, Γ BC µ has the form [18]
This vertex ansatz is completely described by the dressed quark propagator and satisfies both the Ward-Takahashi and Ward Identities, is free of kinematic singularities as q 2 → p 2 , transforms correctly under appropriate transformations and reduces to the perturbative result in the appropriate limit.
To ensure multiplicative renormalizability Curtis and Pennington added a transverse piece to the Ball-Chiu vertex [19] . This term has the form
.
We introduce the quark electric dipole moment through the vertex functionΓ µ of Eq. (1).
We have not attempted to "dress" this vertex by including gluon loop corrections.
To have an explicit example in mind we note that in models where the quark electric dipole moment is generated by Higgs exchange [20, 21] , the structure of the quark electric dipole moment is that of Eq.
(1). With the charged Higgs-quark interaction Lagrangian
given by
the electric dipole moments of the up and down quarks are dominated by the bottom and the top quark loops respectively. With a charged Higgs mass of the order of the top mass, the electric dipole moment of the down quark is significantly larger than that of the up quark, and the P and T violating d − γ vertex is given by Eq. (1), with
Note that, in the on mass shell approximation, the F 1 terms cancel, leaving only the F 2 terms.
F. Gauge Invariance, Ward Identities, Renormalization and Off-Shell behaviour
We have already noted the the amplitude of (1) is not manifestly gauge invariant, since
which vanishes only when p 
or
The CP -violating term, Σ 5 (p), in the quark self energy, required to satisfy the Ward Identity, will be generated by the same process that generates the T violating vertex, for example by Higgs loops. In general
and Σ 5 (p) is divergent, coming from a one loop diagram. There are however no terms of this structure in the unrenormalised lagrangian, so we have no parameter to adjust in the renormalisation process. In QED this is not a problem, as one can demand that the equivalent term vanish on mass shell [23] . In the present case quarks do not have a mass shell in the confined phase of QCD, and the best we can do is to renormalize Σ 5 such that it vanishes at some renormalization point, µ. That is, we have, after renormalisation,
guaranteeing the Ward-Takahashi identities 3 . For non-confined particles the choice µ = m, where m is the mass of the particle concerned, recovers the results of [23] .
To lowest order then, the corrections to the quark-photon vertex due to Higgs loops are given by the sum of diagrams given in Fig. (1) . If µ is set equal to m q then the "nonstandard" quark-photon vertex term in Eq. (1) is cancelled, with the result that
just as if we had used the on-shell identity of Eq. (2). If, on the other hand, one renormalizes Σ 5 at some other point µ = m q , then there is no such cancelation butΓ µ q has a µ 2 dependence.
This µ 2 dependence is a result of the absence of an adequate theory of perturbations about the confined phase, indeed of an absence of an adequate theory of the confined phase. This being the case, to make progress we set set µ 2 = p av 2 , with the result that the last two diagrams of Fig. (1) give negligible contributions and sõ
just as Eq.(1).
It may be thought that the lack of gauge invariance of the CP violating vertex of (1) would lead to a lack of gauge invariance for the electric dipole ρργ coupling. Explicit calculation shows this not to be the case -the resulting electric dipole ρργ coupling has only the gauge invariant form ε νσµρ q ρ . While a calculation of the neutron EDM using the T and P violating vertex of Eq. (1) in a three quark model of the nucleon is at present impractical, if one uses it in a quark-diquark model of the nucleon, the resulting NNγ, T and P violating, vertex is similarly gauge invariant.
3 At least when we can regard d 1 as independent of p i and p f
III. THE DIPOLE MOMENT
The dipole moment of the rho can now be calculated. The colour, flavour and Dirac traces are performed for the integralĨ αµβ , see appendix A, and the dipole term projected out using the projection operator P αµβ . The integral is then performed numerically using
Gaussian quadrature methods to obtain the results given in Table I .
For comparison, we also use perturbation theory to calculate the electric dipole moment of a rho meson made of free, undressed quarks. To do this for the (p i + p f ) µ γ 5 term 4 , in the integralĨ αµβ , the following replacements are made,
Using the standard dimensional regularization scheme along with the Feynman parameterization technique [24] , the integral can be shown to remain finite. However, as was shown in our earlier paper [1] , the corresponding contribution to the electric charge is infinite. Thus calculating the contribution to the rho dipole moment in perturbation theory via the ratio
In [1] the rho EDM was also calculated in the bag model. As it has been noted previously thatψ(p i + p f ) µ γ 5 ψ =ψıσ µν q ν γ 5 ψ for quarks on the mass-shell, it follows that the nonstandard form for the quark EDM will yield the same bag model result as the standard term, since the quarks satisfy the equation of motion inside the bag.
In the non-relativistic limit, the result is simply
The results may be expressed in the form
For our various choices of input, A and B are given in Table I .
IV. DISCUSSION
Using a model form for the quark propagator obtained from the Dyson-Schwinger equations, two different phenomenological rho-meson amplitudes fitted to f ρ and g ρππ and one
used to describe ρ-ω mixing, and a quark-photon vertex which incorporated the P and T violating quark-photon vertex function of Eq. (1), we have calculated the electric dipole moment of the rho.
For each of the coefficients A and B, all three non-perturbative models agree qualitatively with the Bethe-Salpeter amplitude of [15] yielding the largest value for d ρ and that of [9] the smallest. The results for the amplitudes of Chappell, and Pichowsky and Lee, are very close, which is indicative of the similarities of the two approaches.
For the same non-perturbative model, a comparison of the coefficients A and B shows that the contribution of the (p i + p f ) µ γ 5 term is rather less than that of the "standard" In the Bag Model, and in the non-relativistic limit, these two terms contribute equally.
In the perturbative, free limit, on the other hand the ıσ µν q ν γ 5 term gives a finite (but small) contribution, whereas the (p i + p f ) µ γ 5 term gives a vanishing contribution. In a sense the non-perturbative models interpolate between these limits.
To be explicit, consider the Higgs model introduced above. We take the Higgs mass to be 100GeV, and the top mass to be 170GeV, and note that, in this model,
Eqs. (25)- (29) In this case the models of Chappell, and Pichowsky and Lee, give similar results which are about two thirds of the non-relativistic result. The Mitchell and Tandy result is significantly smaller. The good news is that the standard non-relativistic result is good to a factor of 2 to 3, and that while one is concerned with approximate estimates it is a reasonable guide to the overall effect.
Though this calculation was carried out for the rho meson it leads to some interesting speculation about the calculation of the quark contribution to the neutron electric dipole moment, which is of interest in the study of CP-violation. The use of the full off mass shell P and T violating interaction of Eq. (1) Considerations similar to those discussed here will enter the calculation of the quark colourelectric dipole moment effects, and possibly also the other additional effects.
It is well known that the fact that the quarks in hadrons are both relativistic and bound, and thus are significantly off their mass shell, has significant effects on the quark contribution to the magnetic moments of hadrons [1, 25] . The study of the rho meson presented here
shows that similar effects occur in the calculation of the electric dipole moments of hadrons.
In particular, it is necessary to differentiate between the two forms of the P and T odd quark-photon interaction in these calculations, and not to treat them as being equivalent as they are on the quark mass shell. The next generation of calculations of the electric dipole moment of the neutron should take such effects into account.
APPENDIX A: INTEGRAL FOR THE ELECTRIC DIPOLE MOMENT
Taking the colour and flavour traces, the integral becomes
wherek µ = (k ++ + k −+ ) µ , only P and T odd terms have been retained, and terms which will not survive the Dirac trace have been omitted. The T 1−7 are defined by 
with, 
